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light on the characteristics (e.g., abundance, and size-abundance and shoreline-area 53 relationships) and spatiotemporal dynamics of WBs. This study highlights the 54 importance of using appropriate long-term satellite data to reveal the true properties and 55 dynamics of WBs over large areas, which is essential for developing theories and 56
Introduction 60 The provisioning of freshwater is an essential ecosystem service for humankind, 61 and such services include water supply, biomass and food production regulation, 62 communication and transportation, wildlife habitats, biogeochemical cycles, and 63 climate regulation (1-3). Fresh water bodies (WBs) are under constant change because 64 of the impacts of anthropogenic activities and climate change (4). Monitoring the 65 dynamic changes of WBs and understanding their causes and consequences have 66 important implications to the resilience of social-ecological systems (5, 6). 67
The abundance and area of WBs over large regions are critical information for 68 water resource management but remain highly elusive. For example, the number of 69 lakes larger than 0.1 km 2 at the global scale was estimated to range from 246,146 to 70 4,123,551 (7, 8), more than one order of magnitude difference among them. The 71 estimated area of lakes larger than 0.1 km 2 varied from 2,428,100 km 2 to 4,080,000 km 2 72 respectively, and the largest difference was 68%. These huge differences among various 73 studies call for innovative investigations to reduce the uncertainties in the number and 74 area of WBs. 75
Biogeochemical processes in WBs represent major components in the cycle of 76 carbon, nutrients, and other materials at the regional to global scales (9, 10). Estimating 77 biogeochemical processes such as greenhouse gas fluxes from WBs from regional to 78 global scales has been challenging because these processes are size dependent (11). 79
Finding the size-abundance relationship therefore has been a persistent effort for over a 80 century to facilitate the scaling of heterogeneous processes across various WBs (12). 81
Although a power law relationship has been reported in many studies, deviations exist, 82 particularly for small WBs (8, 13-15) and in mountainous regions (16) where 83 topographic relief, geology, and complexity of landscapes are thought to affect the 84 goodness of fit to the power scaling law (14). The existence of the power law and its 85 dependence on topography and geology needs to be evaluated more extensively. 86
Water-resource management and planning as well as climate change adaptation 87 rely heavily on the knowledge of long-term trends and spatial dynamics of surface 88
WBs (1) . However, progress on characterizing the dynamics of WBs over large 89 regions has been hindered by data availability, dynamic nature of WBs, complexity of 90 driving forces, and geospatial heterogeneity of environments (8 Appendix, Table S1 and Table S2 ). The abundance of WBs (> 1 km 2 ) is estimated to be 106 6,821 in our study, 1.3 times the previous highest estimate (5,535) and 2.5 times the 107 lowest estimate (2,693) (7, 17, 23, 24). The number of WBs larger than 0.0036 km 2 in 108
China is 688,617 in this study, much higher than 275,029 estimated previously (24). 109
Our estimates of WB area in China are higher than those from previous studies. For 110 example, our estimate of total area of WBs larger than 0.0036 km 2 in China is 134,158 111 km 2 , 23% higher than 109,102 km 2 estimated by Yang et al. (2014) (24). The total area 112 of WBs larger than 1 km 2 is estimated to be 123,342 km 2 in our study, 22-51% larger 113 than the previous estimates (7, 17, 23, 24). Similar differences can be found across the 114 regions in China as well. For example, the number of medium and large WBs in the 115 YTR (Yangtze River basin, acronyms for the river basins are listed in SI Appendix, 116 Table S3 ) is estimated to be 1952 in this study, much higher than 1395 estimated by 117 The overall exceedance of our WB estimates can largely be attributed to the 125 differences in methodology. Conventionally, WBs over large areas are characterized 126 using one or a few snapshots of remotely sensed images, which could not consistently 127 capture intermittent WBs and historical maximum water extents (29). Previous results 128 are therefore contingent to the snapshot-specific climate and hydrological conditions at 129 the time that images were taken. 130
The size-abundance relationships in China conform to the power law with a Pareto 131 coefficient of -0.835 (SI Appendix, Fig. S1F and Table S4 ), similar to -0.85 reported for 132 the contiguous United States (CONUS) (30), but higher than that for the world in 2004 133 (-0.992) (7) and in 2016 (-1.054) (17). At a regional scale, the Pareto coefficient in the 134 TP is -0.662, the highest among all regions, signifying a higher fraction of large WBs in 135 the TP compared to other regions (SI Appendix, Table S5 ). In contrast, the scaling 136 exponent in the PR is -0.941, the lowest among all regions, representing a relatively 137 higher share of small lakes. Comparatively, the log-transformed WB size-abundance 138 distribution in China presented a shallower slope or Pareto coefficient than those in the 139 world and CONUS, suggesting that small WBs are relatively more abundant in China 140 than in the CONUS and the world (Fig. 1C ). Our results showing the power scaling law 141 between abundance and size of WBs in China, despite its complex geography and 142 topographic characteristics, are different from a number of recent studies that have 143 found deviations from the power scaling law, particularly for small WBs (8, 13-15). 144 Seekell et al. (2013) show that the size-abundance relationship in a mountainous region 145 (Adirondack, USA) did not follow the power scaling law while it fit well in a flat region 146 (Gotland, Sweden), and argue that the topographic relief, geology, and complexity of 147 the landscapes could impact how well data fits the simple power scaling law (13). It is 148 quite surprising to see that our results fit the power scaling law well in China even 149 though some regions such as the TP, and northwestern and southwestern China are 150 famous for their high topographic relief and steep slopes that are suspected to cause 151 deviations from the power scaling law ( Fig. 1B , SI Appendix, Fig. S2 ). 152
The shoreline fractal dimension (SFD) derived from dimensional analysis (log 153 perimeter-log area analysis) is often used to indicate the influences of human 154 modifications or geology on the shape of WBs (31). The SFD ranges from 1.178 in TP 155 to 1.321 in PR (Fig. 1B, SI Appendix, Fig. S3 ). Theoretically, the fractal dimension of 156 size-abundance (D) (D = 2 *abs(c), c is the scaling exponent or Pareto coefficient 157 mentioned above) is supposed to be similar to the SFD (13, 32). We compared the D 158 and SFD derived from China and found a strong linear relationship between these two 159 fractal dimensions (D = 3.13 × SFD − 2.27, R 2 = 0.73, P < 0.05). However, the slope is 160 significantly different from 1, suggesting that our results do not support the theoretical 161 equivalency of these two fractal dimensions ( unchanged nationwide, and further shows the various degrees of change between the 172 epochs. A total of 5197.09 km 2 or 3.92% of the WB area in China disappeared 173 (absolutely decreased); whereas the very likely (with 75-99% probability), likely (with 174 25-74% probability), and unlikely (with 1-24% probability) deceases accounted for 175 1.6%, 6.23%, and 7% of the total WB area, respectively (Fig. 3 , SI Appendix, Table S6 ). 176 A total of 9040.26 km 2 were converted from non-water surfaces into WBs (absolutely 177 increased), corresponding to 6.81% of the total WB area in China. At the same time, 178 very likely, likely, and unlikely increase occurred on 3.76%, 8.18%, and 5.71% of the total WB area, respectively. The large WBs (>10 km 2 ) explain most of the very likely, 180 likely, and unlikely increase or decrease, followed by the small WBs (< 1 km 2 ) (SI 181
Appendix, Fig. S4 and Table S7 ). The WB changes vary widely across regions (Fig. 2) . 182
For example, the highest absolute increases in area in percentage (13.72%, 16.41%, and 183 9.69%) are found in the TP, NWR, and SER, respectively. The region changed the most 184 was the HR since only 11.74% of WBs remained unchanged, and the most stable region 185 is the SWR with 75.99% persistently covered by water. The largest absolute decreases 186 in WB occurrence in percentage are found in the HR, SHR, and YTR account for 187 14.26%, 7.83% and 5.47% of their total WB areas, respectively. are not well represented (17, 18). Second, the minimal detectable WB size, defined by 259 the resolution of remotely sensed data (e.g., Terra /Aqua MODIS), is usually not fine 260 enough to detect the small WBs that are biologically more active than the large ones 261 (49). Our study shows that the use of dense long-term satellite data at appropriate 262 resolution has the potential to overcome some of the difficulties and reveal 263 unprecedented distributional details and dynamics of WBs over large areas. This 264 capability is essential for validating the relevant theories such as the power scaling 265 relationship between size and abundance and for adequately scaling many hydrological 266 and biogeochemical processes (e.g. the carbon cycle) from individual aquatic systems 267 to regional and global scales (50). It is also important to map the details of WB changes 268 and understand their causes and consequences to improve water resource management 269 and planning. 270
Materials and Methods

271
Study area and region boundaries 272
China (73°33′-135°2′E and 3°52′-53°33′E) is our study area (Fig. 1A) . To 273 investigate the regional differences of WBs, we delineated China into 11 large regions, 274 primarily following the region boundaries from HydroSHEDS 275 (http://www.hydrosheds.org, last accessed in 2018) (51) and National Lake-Watershed 276 Science Data Center (http://lake.geodata.cn). The abbreviations of the regions are listed 277
in Table S3 . 278
Extraction of lakes, ponds, and impoundments 279
The Global Surface Water Dataset (GSWD), published by the European 280
Commission's Joint Research Centre, was the basis for our study 281 Transitions, Maximum water extent are also shown in the dataset. The accuracy of the 291 water maps was assessed by the developers of GSWD in term of errors of omission and 292 commission at the pixel scale (i.e., 30 m) using a total of 40,124 control points 293 distributed both geographically (globally), temporally (across the 32 years). Overall, 294 errors of commission were less than 1% and omission less than 5%. 295
The data layer showing the maximum water extent (MWE) (all locations ever 296 mapped as water) during the 32 years was used to extract the locations and maximum 297 extents of WBs in our study. GSWD contains three types of waters: artificial paddy 298 fields, rivers, and others (i.e., lakes, ponds, wetlands, and impoundments). As our goal 299 was to investigate the characteristics and dynamics of lakes, ponds, wetlands, and 300 impoundments, rivers and rice paddy fields were removed from the MWE map using 301 the HydroSHEDS data through overlay operation in ArcGIS v10.2 (ESRI, Redlands, 302 CA, USA) and manually corrected by visual inspection against Google Earth 303 high-resolution images. Consequently, the temporal changes of rivers and streams were 304 also effectively excluded from this analysis (SI Appendix, Text S1). Paddy fields in the 305 MWE were removed by referring to the Global Land Cover dataset (GLCD) 306 (http://www.globallandcover.com, last accessed in 2018). 307 WB change between two epochs 308 GSWD provides water occurrence change intensity (OCI) between two epochs 309 (i.e., 1984 to 1999, and 2000 to 2015), which was derived from water occurrence 310 difference between homologous pairs of months (19). Specifically, the water 311 occurrence difference for each homologous pair of month between epochs was 312 calculated, and then differences between all homologous pairs of months were 313 averaged to create the surface water OCI map between the epochs. The OCI map shows 314 where surface water occurrence increased, decreased, or remained invariant, providing 315 a summary of the location and persistence of water in space between the two epochs. 316
The OCI map represents the degree of change as a percentage with values ranging from 317 -100% to 100%; positive values indicate increase in occurrence while negative ones 318
show loss of occurrence, and 0% suggests no change in occurrence between the epochs. 319
To summarize the results, OCI values were grouped into several classes: 75-99% (high 320 OCI), 25-74% (medium OCI), 1-24% (low OCI), 0% (unchanged), and 100% 321 (absolutely changed). In essence, these OCI classes effectively represent the 322 probabilities or likelihoods of conversion from non-water to water (positive OCI) or 323 from water to other surfaces (negative OCI) between two epochs, which resulted in nine 324 generalized probability classes of conversion between water and other land covers: 325 absolutely decreased (OCI= -100%), very likely decreased (OCI= -99% to -75%), 326 likely decreased (OCI= -74% to -25%), unlikely decreased (OCI= -24% to -1%), 327 unchanged (OCI= 0%), unlikely increased (OCI= 1% to 24%), likely increased (OCI= 328 25% to 74%), very likely increased (OCI= 75% to 99%), and absolutely increased 329 (OCI= 100%). 330
The minimum water surface area detectable is the pixel size of Landsat (0.0009 331 km 2 ). To facilitate comparison with other studies, whenever necessary, WBs were 332 classified into three categories of small (< 1 km 2 ), medium (1-100 km 2 ), and large (> 333 100 km 2 ) following the classification scheme of most previous studies (35, 39). All data 334 processing and analysis were performed using ARCGIS 10.2 (ESRI, Redlands, CA, 335 USA) and Python 3.6. 336 Centre and HydroSHEDS are greatly appreciated. We also thank the anonymous 346 reviewers for their valuable comments. 347 
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